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Epitaxial growth of Zn 2Y ferrite films by pulsed laser deposition *
H. Kima)

School of Engineering and Applied Science, George Washington University, Washington, DC 20052
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Oriented and single phase Ba2Zn2Fe12O22 ~Zn2Y) thin films ~;5000 Å thick! have been grown
using pulsed laser deposition~ArF, 193 nm! on single-crystal~0001! sapphire substrates. A single
phase polycrystalline Zn2Y target was used to deposit films. The composition, structure, and
morphology of the films were determined using Rutherford backscattering spectrometry, x-ray
diffraction ~XRD!, and scanning electron microscopy. As a function of substrate temperature
~.700 °C!, films deposited in 200 mTorr of oxygen pressure were found to be deficient in Zn. The
Zn deficiency increased with increasing substrate deposition temperature~,900 °C!. Analysis of the
XRD patterns indicated that films deposited from stoichiometric targets were primarily BaFe12O19

~BaM!. Compensation of the target with excess Zn changed the structure of the film from BaM to
a mixture of phases, i.e., BaM and Zn2Y. Highly oriented and single phase Zn2Y films could be
achieved by depositing Zn2Y film onto ZnO~;400 Å! buffered sapphire substrates. Deposited films
exhibit an epitaxial relationship of (001)Zn2Y//~001!ZnO//~001!Al2O3. The ferromagnetic
resonance derivative linewidth of the Zn2Y film for an in-plane applied field was;310 Oe, which
is larger than expected for bulk single crystals. ©1999 American Vacuum Society.
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Ferrrite frequency selective limiters are passive devi
that protect microwave receivers from input damage by
ing the nonlinear excitation of magnetic spin waves.1 In this
type of limiter, signals that are above a critical rf magne
field strength excite half-frequency spin waves in the ferr
resulting in strong absorption of the rf power which
coupled to the crystal lattice and dissipated as heat. C
rently, the technology is implemented exclusively in lo
loss, single-crystal yttrium–iron–garnet~YIG!. The principal
figure of merit for the ferrite limiters is the threshold pow
at which nonlinear absorption begins to take place. This c
cal rf field hc in the parallel-pumped case, where the rf ma
netic field is in the same direction as the dc magnetization
given by

hc}
DHkv

g~4pMs1Ha!
, ~1!

wherev is the signal radian frequency,DHk is the spin-wave
linewidth, 4pMs is the saturation magnetization,g/2p
52.8 MHz/G, andHa is the anisotropy field (Ha>0 for
YIG!.2,3 A decrease in the threshold for limiting at a partic
lar frequency can be achieved through either a reductio
the spin-wave linewidth or an increase in the saturation m
netization or a combination of both. Single-crystal YIG h

*No proof corrections received from author prior to publication.
a!Corresponding author; electronic mail: hskim@ccf.nrl.navy.mil
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been reported as having an extremely narrow spin-wave l
width, as low as approximately 0.25 Oe,1 with 4pMs

;1780 G. An approach, which has the potential to dram
cally reduce the ferrite limiter threshold, would be to subs
tute a hexagonal ferrite for YIG. Unlike YIG, hexagonal fe
rites have large anisotropic magnetic properti
Magnetization values for the hexagonal ferrit
Ba2Zn2Fe12O22 ~Zn2Y) are on the order of 4pMs52850 G
andHa59900 Oe.3,4 Assuming that an equally narrow spin
wave linewidth could be achieved in these materials~;0.25
Oe!, according to Eq.~1!, a reduction in the critical field by
a factor of 7 is realized relative to YIG which would corre
spond to a factor of 50 reduction in the threshold power.

Zn2Y is a hexagonal ferrite, different from BaFe12O19

~BAM ! in that it has an easy plane of magnetization perp
dicular to the c axis. Although there have been sever
reports5–8 on the properties of single-crystal bulk Zn2Y hex-
agonal ferrites, there are not reports on the growth of Zn2Y
thin films. In this article, we report on the structure of th
Zn2Y thin films ~grown by pulsed laser deposition~PLD!
from single phase Zn2Y targets! deposited on single-crysta
~0001! sapphire substrates.

Films were deposited using an ArF excimer las
~Lambda Physics LPZ 305, 193 nm, 300 mJ per pulse!. The
laser was operated at 10 Hz and focused through a 50
focal length lens onto a rotating target at a 45° angle
3111/17 „5…/3111/4/$15.00 ©1999 American Vacuum Society
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incidence. The focal spot size on the target was;0.1 cm2

which resulted in a fluence of;1 J/cm2 on the target. The
target-substrate distance was 4.7 cm. The deposition ra
the films was 2–3 Å/s. The substrate was attached with si
paste to a stainless steel block, which was heated by
quartz lamps. The substrate temperature was monitored
a thermocouple at all times. The laser beam was rast
across the surface of the target with a computer-contro
mirror while the target was rotated.

Single phase Zn2Y targets were prepared from ZnO
BaCO3, and Fe2O3. The powders were mixed in a mechan
cal shaker for 30 min, pressed into a 2-cm-diam pellet
7000 kg, calcined twice at 400 and 600 °C, crushed
pressed again, and then sintered at 1250 °C for 6 h.
substrates were cleaned in an ultrasonic cleaner for 10
with acetone and then with methanol. All substrates w
blown dry with dry nitrogen gas before they were introduc
into the deposition system. After evacuating the chamber
pressure of 1031025 Torr, the substrates were heated to t
desired temperature in the desired oxygen pressure. Du
the deposition, oxygen background gas was introduced
the chamber to maintain a pressure of 50–400 mTorr. A
deposition, the films were cooled to room temperature i
atm of oxygen. Some of the Zn2Y films were postdeposition
annealed at 900 °C for 2 h in flowing oxygen. Pairs of films
were placed face to face during the anneal. The film thi
ness was measured by masking a portion of the subs
during deposition and then using a profilometer to meas
step height. The deposition rate estimated by the profilom
was typically 0.25 Å/pulse. X-ray diffraction~XRD! u/2u
scans andu scans~x-ray v scans! were used to characteriz
the epitaxial relationships between the Zn2Y films, the ZnO
buffer layer, and sapphire substrates.

The deposition temperature was optimized in order to
tain epitaxial Zn2Y thin films. The XRD patterns for films
grown at low substrate temperatures~,600 °C! indicated
that the films were almost completely amorphous, while
x-ray diffraction data indicated that the films grown at hi
temperature~900 °C! exhibited epitaxial growth.

The composition of the deposited films was determin
using Rutherford backscattering spectroscopy~RBS! analysis
as a function of growth temperatures as shown in Tabl
Table I shows that films deposited at substrate temperat

TABLE I. Compositions of Zn2Y films grown from various target composi
tions at different growth temperatures using RBS. Oxygen pressure was
at 200 mTorr during deposition. High energy He ions at 6.45 MeV w
used to separate the Zn and Fe signals for the Zn2Y films. Film composition
and thickness were determined using theRUMP simulation program~see Ref.
14!.

Growth temperature
~°C! Target composition Film composition

700 Ba2Zn2Fe12O22 Ba1.6Zn0.7Fe12O20

800 Ba2Zn2Fe12O22 Ba1.6Zn0.6Fe12O20

900 Ba2Zn2Fe12O22 Ba1.6Zn0.5Fe12O20

900 Ba3Zn4Fe12O25 Ba1.9Zn1.4Fe12O22

900 Ba4Zn6Fe12O28 Ba2.9Zn2.8Fe12O25
J. Vac. Sci. Technol. A, Vol. 17, No. 5, Sep/Oct 1999
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from 700 to 900 °C are deficient in Ba and Zn. The Zn de
ciency in the films increased from 65% to 75% with increa
ing substrate temperature from 700 to 900 °C. Films gro
at high temperature were found by XRD to be primar
BaM. Compensation of the target with Ba and Zn~up to
200%! slightly decreased Zn deficiency in the films but d
not significantly change the structure of the deposited fil
whose x-ray diffraction patterns indicate a mixture of Zn2Y,
BaM, and BaFe2O4 phases.

In order to reduce the Zn deficiency, we deposited Zn2Y
films on epi-ZnO film on sapphire. The ZnO buffer lay
may act as a source of Zn during Zn2Y film growth. Zn2Y
films were deposited onto epi-ZnO films, which had be
grown by PLD ontoc-Al2O3. The epitaxial growth of ZnO
on sapphire substrate can be obtained at a substrate tem
ture from 300–800 °C.9,10 However, the optimal growth tem
perature for the ZnO buffer layer used in this experiment w
700 °C. The full width at half maximum~FWHM! of the
x-ray rocking curve for the~002! peak of the ZnO layer
decreased with increasing the substrate temperature.
v~FWHM! for the ~002! reflection was 0.25° at 700 °C com
pared with 0.96° at 300 °C. The x-ray rocking curve did n
decrease any more with further increasing the substrate
perature up to 800 °C. The oxygen pressure was optimize
be 20 mTorr for the high quality ZnO films. All ZnO buffe
layers used in this experiment were grown at 700 °C in
oxygen background pressure of 20 mTorr. Figure 1~a! shows
the x-ray diffraction pattern for a 100 nm ZnO film.

Compensation of the target with excess Zn also impro
the Zn2Y film properties for films deposited on a thin ZnO
buffer layer. The composition of the films deposited with t

pt
e

FIG. 1. u/2u XRD scans for~a! 200-nm-thick ZnO film grown on sapphire a
700 °C in 20 mTorr,~b! as-deposited Zn2Y film and ~c! annealed~at 900 °C
in oxygen flow for 2 h! Zn2Y film ~;5000 Å! grown on ZnO~;400 Å!
buffered sapphire at 900 °C in 200 mTorr.
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compensated target (Ba3Zn6Fe12O27) was measured by RBS
to be Ba2.9Zn2.8Fe12O25. Thus, all of the properties shown i
this article are referred to the Zn2Y films ~Ba2.9Zn2.8Fe12O25)
deposited with the compensated target on ZnO buffered
phire substrates.

The crystal quality of the Zn2Y thin films on ZnO buff-
ered sapphire depends on the substrate deposition tem
ture. At deposition temperatures less than 600 °C, the x
diffraction patterns of the films were observed to be mos
amorphous material. As deposition temperature increa
the Zn2Y films deposited on ZnO buffered sapphire beca
highly oriented. The x-ray rocking curve for the~009! peak
of the Zn2Y films deposited at 800 °C on a ZnO buffere
sapphire substrate has a FWHM of 0.82°. As the subst
temperature increased to 900 °C, the FWHM of the x-
rocking curve for the~009! peak narrowed to 0.63°. More
over, postdeposition annealing of the deposited films
creased the FWHM of thev scan for the~009! peak to 0.58°.

As shown in Fig. 1~b!, the as-deposited film grown on
ZnO buffered sapphire substrate was mainlyc-axis oriented
single phase Zn2Y. Several impurity peaks were observed
2u524°, 30.8°, 34.5°, 39°, 59° and 63°, respectively. Ho
ever, their intensities are significantly lower than those
^001& Zn2Y film or sapphire substrate diffraction peaks. T
impurity peaks have been assigned to ZnO, BaFe2O4 and
BaM. After post-deposition annealing of the film shown
Fig. 1~b! at 900 °C for 2 hours, the ZnO peaks disappeared
shown in Fig. 1~c!. XRD analysis indicated that thec-axis
lattice parameter of the as-deposited Zn2Y films grown at
900 °C in 200 mTorr were 43.85960.057 Å which is larger
than the JCPDS11 value of 43.566 Å for the bulk Zn2Y. This
large lattice parameter indicates that the as-deposited Z2Y
films are under a compressive stress in the film. Differen
in lattice parameters between bulk Zn2Y and Zn2Y film can
be explained by oxygen deficiency12,13and strain effect since
there is a significant lattice mismatch and thermal expans
coefficient mismatch between the substrate and film. O

FIG. 2. Scanning electron microscopy photomicrographs of Zn2Y films de-
posited in 200 mTorr at deposition temperatures of~a! 600 °C,~b! 700 °C,
and ~c! 900 °C, respectively.
JVST A - Vacuum, Surfaces, and Films
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other possibility is that the increase in lattice paramete
due to the nonstoichiometric Zn2Y (Ba2.9Zn2.8Fe12O25! film
compared to bulk Zn2Y ~Ba2Zn2Fe12O22!. However, post-
deposition annealing of the deposited films resulted in sli
decrease of the lattice parameter to be 43.82660.054 Å, in-
dicating that the stress in the film was relaxed during ann
ing due to reduced oxygen deficiency.

The surface morphology of the films was also affected
substrate deposition temperature. As shown in Fig. 2~a!,
Zn2Y thin films ~;5000 Å! deposited at 600 °C were smoo
and consisted of nanocrystals~,50 nm!. As the deposition
temperature increased up to 900 °C, the grain size of ab
250 nm was observed on the surface of the film as show
Fig. 2~c!.

The microwave properties of the Zn2Y films were charac-
terized by FMR measurements, which were made usin
Brüker ECS 109 microwave spectrometer. Fig. 3 shows
FMR absorption derivative versus static applied field for t
Zn2Y film shown in Fig. 1~a!. The static applied field was in
plane and the frequency was 9.5 GHz. The data were
tained at room temperature. The ferromagnetic resona
~FMR! position at the zero of the peak-to-peak derivati
was observed at 1.24 kOe. The FMR derivative linewidth
the as-deposited Zn2Y film for in-plane applied field was
;450 Oe. After postdeposition annealing of the as-depos
Zn2Y film, the FMR linewidth of the film for in-plane ap-
plied field decreased to;310 Oe, which is large compared t
that of bulk single-crystal Zn2Y ~18–70 Oe!.3,7 This large
FMR linewidth may be due to the presence of impuriti
such as BaFe2O4 or inhomogeneities in the films. For th
perpendicular-to-plane field case, the FMR data showed
the resonance moved up to slightly above 12 kOe, which
the maximum available field of the spectrometer. This in
cates that the film has an easy plane of magnetization
pendicular to thec axis.

The effective saturation magnetization, 4pMeff , was es-
timated using the in-plane FMR field position from the equ

FIG. 3. FMR absorption derivative as a function of static applied field for
film of Fig. 1 ~c!. The static field was applied in plane and the frequency w
9.5 GHz.
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tion: f /g5@H in(H in14pMeff#
1/2, where f is the FMR fre-

quency andg is the gyromagnetic ratio. With the values
f59.5 GHz,g5262 GHz/kOe,3 and H in51.24 kOe, the ef-
fective saturation magnetization was estimated to be;9.36
kG. It should be noted that the value of;9.36 kG obtained
above may include growth induced anisotropy and contri
tions from magnetostriction. Assuming that this Zn2Y film
has the same saturation magnetization (4pMs) value with
the literature value~;2850 G!3,4 of bulk single-crystal
Zn2Y, the anisotropy (Ha) of this film is about 6.5 kOe,
which is smaller than that~9.9 kOe! of the reported3,4 bulk
single-crystal Zn2Y.

In conclusion Zn2Y hexagonal ferrite thin films have bee
epitaxially grown by PLD. The optimized oxygen pressu
and substrate temperature to obtain high quality epita
properties of the films were 200 mTorr and 900 °C. T
Zn2Y films ~;5000 Å! deposited on ZnO~400 Å! buffered
c-Al2O3 substrates with an epitaxial relationship
(001)Zn2Y//~001!ZnO//~001!Al2O3 had a v-rocking curve
FWHM of 0.63° for the~009! peak of the Zn2Y films. The
anisotropy of the Zn2Y film is estimated to be slightly lowe
than that of bulk Zn2Y. The in-plane FMR linewidth of the
Zn2Y film is 310 Oe which is larger than that of bulk single
crystal Zn2Y.
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